Abstract: In the present work, we selected a polymer, polyvinylidene fluoride (PVDF), as an additive to improve the hydrogenation and dehydrogenation properties of Mg. 95 wt% Mg + 5 wt% PVDF (designated Mg-5PVDF) samples were prepared via milling in hydrogen atmosphere (reactive milling), and the hydrogenation and dehydrogenation characteristics of the prepared samples were compared with those of Mg milled in hydrogen atmosphere. The dehydrogenation of magnesium hydride formed in the as-prepared Mg-5PVDF during reactive milling began at 681 K. In the fourth cycle (n=4), the initial hydrogenation rate was 0.75 wt% H/min and the quantity of hydrogen absorbed for 60 min, H a (60 min), was 3.57 wt% H at 573 K and in 12 bar H 2 . It is believed that after reactive milling the PVDF became amorphous. The milling of Mg with the PVDF in hydrogen atmosphere is believed to have produced defects and cracks. The fabrication of defects is thought to ease nucleation. The fabrication of cracks is thought to expose fresh surfaces, resulting in an increase in the reactivity of the particles with hydrogen and a decrease in the diffusion distances of hydrogen atoms. As far as we know, this investigation is the first in which a polymer PVDF was added to Mg by reactive milling to improve the hydrogenation and dehydrogenation characteristics of Mg.
INTRODUCTION
Numerous approaches have been developed to store hydrogen as a potential compact energy source, including pressure storage, cryogenic storage, carbon nanotube storage, and metal hydride storage. Among these methods, metal hydride storage has several important advantages over the other methods. Metal hydride can store more hydrogen per unit volume than other methods, thereby allowing a more compact storage. It is considerably safer to use than pressure or cryogenic storage and only requires waste heat to release hydrogen from the hydride [1, 2] .
As solid-state hydrogen storage materials, Magnesium, together with Mg 2 Ni, FeTi, and LaNi 5 has drawn the attention of many researchers. Magnesium (Mg) has a high theoretical hydrogen storage capacity (7. 66 wt% on the basis of magnesium hydride (MgH 2 ) weight and 8.29 wt% on the basis of Mg weight). Mg is relatively inexpensive, and abundant in the earth's crust. However, the hydrogenation and dehydrogenation rates of Mg are low. A lot of work has been undertaken to increase the hydrogenation and dehydrogenation rates, and the hydrogen storage capacity of magnesium [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] by alloying certain metals with the magnesium [14] [15] [16] [24] , by adding graphite to Mg [25] , and by adding Nb and MWCNT (multi-walled carbon nanotubes) to alloys of Mg and Ni [26] .
In our preceding works, the hydrogenation and dehydrogenation properties of Mg were improved by adding halogen compounds [27, 28] such as fluorides (NbF 5 [29] and TaF 5 [30] ) and chlorides (TiCl 3 [31, 32] and VCl 3 ) via reactive milling. Decomposition at low temperatures of these performed in hydrogen of about 12 bar for 12 h. The period of refilling the mill container (with a volume of 250 mL) with hydrogen was 2 h.
The temperatures were kept constant at 573 K and 623 K to measure changes in the absorbed and released amounts of hydrogen, respectively, as a function of time. Changes in the absorbed and released hydrogen amounts with time were measured using a Sieverts' type hydrogenation and dehydrogenation apparatus explained previously [34] . A half gram of the samples was used for these measurements. For the hydrogenation, the hydrogen pressure was kept nearly The quantity of hydrogen absorbed, H a , was also calculated using the sample weight as a criterion. H a was also given in the unit of wt% H.
RESULTS AND DISCUSSION
The variation in the H a versus t curve at 573 K in 12 bar H 2 with the number of cycles, n, for the Mg-5PVDF is shown in Fig. 4 . In n=1, the initial hydrogenation rate was slightly believed to have been formed by the reaction of Mg with oxygen adsorbed on the particles during being exposed to air while the samples were treated to obtain the XRD pattern.
The H a versus t curves at 573K in 12 bar H 2 in n=1 and n=4 for Mg after reactive milling are shown in Fig. 8 . In n=1, Mg after reactive milling did not absorb hydrogen. As n increased from one to four, the initial hydrogenation rate and H a (60 min) increased. In n=4, the initial hydrogenation rate was 0.12 wt% H/min and H a (60 min) was 1.15 wt% H. The initial hydrogenation rates of the Mg-5PVDF were higher than those of Mg after reactive milling. The H a (60 min)'s of the Mg-5PVDF were larger than those of Mg after reactive milling.
A SEM micrograph of Mg after reactive milling showed that during reactive milling, ductile Mg particles formed plastically into elongated and flat shapes via collisions with the steel balls and no fine cracks formed by repeated impact forces during ball milling. Fine particles could not be obtained by reactive milling [36] . Therefore, Mg after reactive milling did not absorb hydrogen in the first cycle, as shown in Fig. 8 .
The XRD pattern of the as-prepared Mg-5PVDF, shown in 
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resulting in an increase in the reactivity of particles with hydrogen and a decrease in the diffusion distances of hydrogen atoms [37, 38] . Mechanical milling is reported to decrease particle size and to introduce defects into solid compounds [39] . Zhao et al. [40] The XRD patterns of other samples after reactive milling exhibited peak broadening and increases in the background [28] [29] [30] [31] . However, the XRD pattern of the Mg-5PVDF after reactive milling showed very small peak broadening and a very small increase in the background. The XRD pattern of the Mg-5PVDF dehydrogenated at 623 K in hydrogen of 1.0 bar in the fourth hydrogenation-dehydrogenation cycle was very similar to that of the Mg-5PVDF after reactive milling.
These results suggest that the reactive milling of Mg with 5 wt% PVDF induced very small strain.
The results in Fig. 4 showed that hydrogenationdehydrogenation cycling increased the initial hydrogenation rate and H a (60 min) until the completion of activation, probably due to the repetition of the expansion (by hydrogenation) and contraction (by dehydrogenation) of the material. The expansion and contraction are deemed to have generated defects and produced cracks.
CONCLUSIONS
In this work, 95 wt% Mg + 5 wt% PVDF (designated Mg-5PVDF) samples were prepared via milling in hydrogen atmosphere (reactive milling), and the hydrogenation and dehydrogenation characteristics of the prepared samples were compared with those of Mg milled in hydrogen atmosphere.
As far as we know, this investigation is the first in which the polymer PVDF was added to Mg by reactive milling to improve the hydrogenation and dehydrogenation characteristics of Mg. The dehydrogenation of magnesium hydride formed in the as-prepared Mg-5PVDF during reactive milling began at 681 K. In the fourth cycle (n=4), the initial hydrogenation rate was 0.75 wt% H/min and H a (60 min) was 3.57 wt% H.
The PVDF is believed to have become amorphous after reactive milling. The milling of Mg with the PVDF in hydrogen atmosphere is believed to have fabricated defects and cracks. Fabrication of defects is considered to ease nucleation. Fabrication of cracks is thought to expose fresh surfaces, resulting in an increase in the reactivity of the particles with hydrogen and a decrease in the diffusion distances of hydrogen atoms. The repetition of the expansion (by hydrogenation) and contraction (by dehydrogenation) of the material are deemed to have generated defects and produced cracks.
